Shigella sonnei, which has generally been associated with dysentery in developed countries, has recently been emerging in developing countries. Specifically, in Brazil few published studies have that molecularly characterized this species. The aims of this study were to analyze the efficacy of typing using multiple-locus variable-number tandem-repeat analysis (MLVA), study the phylogeny by multi-locus sequence typing (MLST) and assess the presence of some beta-lactam resistance genes in S. sonnei strains isolated from human diarrhoeic faeces in the São Paulo State in Brazil between 1983 and 2014. Seventy-two such S. sonnei strains were typed by MLVA and grouped into two clusters. The discrimination index of MLVA was found to be 0.996. Twenty strains were typed by MLST as ST152. In addition, the bla TEM gene was detected in eight (72.7%) of the 11 S. sonnei strains that had previously been shown to be resistant to b-lactams. However, bla CTX-M-1group , bla CTX-M-9group and bla SHV genes were not found. MLVA results suggested the existence of two prevalent subtypes in the S. sonnei strains studied, confirming previous results. Moreover, MLVA efficiently discriminated monomorphic S. sonnei species. Because the S. sonnei strains studied belonged to clonal complex 152 and all isolates were typed as ST152, MLST is not a suitable method for studying the population structure of S. sonnei. Although, the rates of b-lactam resistance were not high in the present study, the frequency of bla TEM may represent a risk for patients receiving antimicrobial treatment. Taken together, the results provide better molecular characterization of this globally clinically important pathogen.
molecular typing technique in comparison with PFGE (8) . Furthermore, MLVA has a good discriminatory power for typing S. sonnei strains isolated from sporadic cases and outbreaks in various parts of the world and has been shown to complement the results obtained with other molecular typing techniques (9) (10) (11) .
Multi-locus sequence typing is based on a sequence of seven housekeeping genes that provide data that allow comparisons of Shigella spp. isolates worldwide by using a database that uses a standard Escherichia coli protocol (12) (13) (14) (15) . The results obtained by the MLST technique are highly reproducible, portable and easy to interpret (12, 14) .
Shigella spp. around the world have shown resistance to beta-lactams such as third-generation cephalosporins, this being mediated by production of extended-spectrum b-lactamases (16) (17) (18) . Specifically, third-generation cephalosporins have been used for treating enteric bacteria. Furthermore, some genes such as bla TEM-1 and bla SHV-1 are related to the production of restrictedspectrum b-lactamases, which hydrolyze ampicillin in E. coli and may compromise necessary treatment (19) .
According to the Ministry of Health (7), in Brazil the monitoring of sporadic cases and outbreaks of shigellosis is very important. In addition, molecular characterization and antimicrobial resistance studies with the genus Shigella should be performed in Brazil to minimize the impact and lethality of shigellosis (7) . Few studies have used PFGE and ERIC-PCR to characterize the pathogenic potential, antimicrobial resistance profile and genotypic diversity of this important pathogen in Brazil (20) (21) (22) (23) (24) (25) . Thus far, no published studies have assessed the genotypic diversity by MLVA and MLST or investigated the frequency of betalactam resistance genes in S. sonnei strains isolated in Brazil.
The aims of this study were therefore to analyze the efficacy of the MLVA typing method, to study the phylogeny by MLST and to assess the frequency of some beta-lactam resistance genes in S. sonnei strains isolated from human diarrhoeic faeces during 31 years in the economically important metropolitan region of Ribeirão Preto in the São Paulo state of Brazil to clarify the genotypic diversity and antimicrobial resistance of this species now that it has emerged in developing countries.
MATERIALS AND METHODS

Bacterial strains
A total of 72 S. sonnei strains isolated from human diarrhoeic faeces in the metropolitan region of Ribeirão Preto in the São Paulo state of Brazil between 1983 and 2014 were studied. Those strains have been described in detail in our previous study (25) and were selected from the collection of the Adolfo Lutz Institute of Ribeirão Preto, having been systematically chosen to represent isolates from outbreaks and sporadic cases that had occurred in different years, as previously reported by Seribelli et al. (25) .
MLVA typing and analysis
MLVA typing was performed for all 72 S. sonnei strains according to the protocol described by Liang et al. (26) . Eight loci were amplified by PCR using specific primers with different fluorophores, as described by Chiou and colleagues (11) . Three multiplex reactions were performed for each strain; Reaction 1 (R1) with SS1, SS10 and SS11 primers, Reaction 2 (R2) with SS3, SS6, SS9 and SS23 primers, and Reaction 3 (R3) with SS13 primers. The cycle utilized was initial denaturation at 94°C for 5 min followed by 30 cycles: 94°C for 45 s, 55°C for 50 s and 72°C for 60 s.
The amplicons were diluted in RNase and DNase free water (Gibco, Gaithersburg, MD, USA) at a ratio of 1:100v/ v, after which 1 mL of this dilution was added to 10 mL of formamide and 0.5 mL of the molecular weight marker GeneScan 500 LIZ (Applied Biosystems, Foster, CA, USA).
The data were analyzed with a Bionumerics 7.0 software package (Applied Maths). A similarity dendrogram was constructed using the unweighted-pair group method arithmetic mean and the categorical values coefficient. (25) . The dendrogram presented two clusters, representative isolates of which were selected according to virulence gene content and antimicrobial resistance profiles. MLST was performed using seven housekeeping genes (adk, icd, fumC, purA, recA, gyrB and mdh). A detailed protocol of the MLST procedure, including the housekeeping genes primers and the annealing temperatures, is available in the database for E. coli (MLST Databases at University Warwick Medical School (27).
MLST typing and analysis
Detection of beta-lactam resistance genes by PCR
The detection of four beta-lactam resistance genes was performed for 11 strains of the total of 72 S. sonnei strains, which were resistant to beta-lactams by the disk diffusion method in previous studies of our group Seribelli et al. (25) . (25) . The genomic DNA was extracted according to Campioni and Falcão (28) and the DNA concentrations were determined as described in Sambrook and Russel (29) . The general PCR procedure was performed according to Falcão and colleagues (30) . The primers used and the PCR conditions for the detection of the bla CTX-M-1group , bla CTX-M-9group , bla SHV and bla TEM beta-lactam resistance genes were described previously in the following references: Pitout et al. (31) PCR mixture without DNA was used as negative control. The PCR products were analyzed by agarose gel electrophoresis and visualized by UV light after staining with ethidium bromide (0.5 mg ml
À1
). The amplicons were purified (PureLink Genomic DNA-Invitrogen) and sequenced using ABI 3500xL genetic analyzer (Thermo Fisher Scientific). The DNA sequences obtained were translated in amino acids sequences (Align Sequences Protein BLAST) and compared with reference sequences from the Lahey for classification bla TEM gene (34) .
Discrimination index
The discriminatory power of MLVA was assessed by Simpson's diversity index, as described by Hunter and Gaston (35) .
RESULTS
MLVA
The dendrogram generated by MLVA grouped the 72 S. sonnei strains into two clusters, designated MLVA-A and MLVA-B, with similarity ! 6.6% (Fig. 1) . The MLVA-A cluster comprised 31 S. sonnei strains isolated between 1983 and 2014 with a similarity above 40% and the MLVA-B cluster 41 S. sonnei strains isolated between 1983 and 2014 with a similarity above 21.6%. These 72 S. sonnei strains were differentiated into 64 MLVA types (Fig. 1) .
MLST
All 20 selected S. sonnei strains were typed as ST152.
Beta-lactam resistance genes
The bla TEM-1 gene was detected in 8 (72.7%) of the 11 S. sonnei strains studied. The GenBank/EMBL/DDBJ accession numbers for the bla TEM-1 gene sequences described in this study are KY574611 through KY574618. The bla CTX-M-1group , bla CTX-M-9group and bla SHV genes were not found in any of the strains.
Discrimination index
The DI was 0.996 for MLVA.
DISCUSSION
In the present work, the genotypic diversity of the 72 S. sonnei strains was assessed by MLVA. The dendrogram generated with the MLVA data grouped the strains in two major clusters, an MLVA-A cluster comprising 31 strains isolated between 1983 and 2014 with a similarity !40% and an MLVA-B cluster comprising 41 strains isolated between 1983 and 2014 with a similarity !21.6% (Fig. 1) . These data suggest that the two prevalent subtypes in the S. sonnei studied have been infecting humans for 31 years in the metropolitan region of Ribeirão Preto in São Paulo state, Brazil. This is consistent with reported data for same strains from using PFGE and ERIC-PCR techniques (25) .
Comparing the MLVA-A and MLVA-B clusters, strains of the MLVA-B cluster showed a higher frequency of virulence genes and a greater resistance to antibiotics than previously reported by Seribelli and colleagues (25) (Table 1) .
Specifically, 12 (29%) strains of the MLVA-B cluster presented other virulence genes in addition to ipaH, iuc and sigA, whereas in the MLVA-A cluster only three (10%) strains presented additional virulence genes (Table 1 ). In addition, 32 (78%) strains of the MLVA-B cluster were resistant to at least one of the antibiotics tested and three were MDR (Table 2 ). In the MLVA-A cluster, 13 (42%) strains were resistant to at least one of the antibiotics tested and two were MDR (Table 2) .
In contrast, it is of interest that the MLVA-A cluster grouped seven and the MLVA-B cluster grouped four of the 11 S. sonnei strains isolated that showed resistance to b-lactams (Table 2) . Thus, this resistance also may lead to treatment failures when these drugs are used (Table 2) . Similar to our results, Ranjbar and Memariani (8) studied 47 S. sonnei strains isolated in Iran from patients under 12 years of age from 2002 to 2010 and divided these strains into two large groups by the MLVA method (8) . As well, Koh and colleagues (10) studied 40 S. sonnei strains isolated from feces of patients from several hospitals in Malaysia from 1997 to 2008. The strains were allocated to two groups and 40 MLVA-types were identified (10) .
In contrast, Filliol-Toutain and collaborators studied 1672 S. sonnei strains isolated from 50 countries in different continents from 1943 to 2007 and use of the MLVA method resulted in allocation of the strains into three clonal groups according to the 26 variable number tandem repeats analyzed (36) .
In this study, the MLVA method was effective and provided epidemiological data that are consistent with Fig. 1 . Dendrogram showing genetic relationships among the 72 Shigella sonnei strains based on variable number tandem repeats profiles. Similarity (%) between the patterns was calculated using categorical values. The data were sorted by the unweightedpair group method arithmetic mean method OT, outbreak; SC, sporadic case. Virulence genes and resistance profile published in reference (25) . and similar to those of previous studies in which the same strains were typed by PFGE and ERIC-PCR (25) . Moreover, the MLVA presented a DI of 0.996 for 72 strains of S. sonnei that were differentiated into 64 MLVA types. Therefore, its discriminatory power was very similar to a reported DI of PFGE of 0.995 for strains that were differentiated into 63 PFGE types (25) . On the other hand, MLVA reportedly had a higher discriminatory power than ERIC-PCR, presenting a DI of 0.966 for strains that were differentiated into 32 ERIC types (25) .
The advantages of MLVA over PFGE are that it is less laborious and faster; however, is relatively expensive because of the need for marked primers with different fluorophores (8). However, PFGE provides more consistent epidemiological information than MLVA assay when almost all strains from the same outbreak are indistinguishable or closely related (25) . On the other hand, ERIC-PCR distinguishes fewer isolates from different outbreaks than PFGE and MLVA (25) . Thus, MLVA may be used to complement PFGE results.
This far, there have been no published data on S. sonnei strains typed by the MLVA method in Brazil, the present findings resulting from pioneering the use of this methodology for typing this bacterium in this country.
The S. sonnei strains studied belong to the clonal complex 152 and all isolates were typed as ST152, therefore the MLST is unsuitable for studying the population structure of S. sonnei. (10) 10 (30) 4 (11) 10 (28) 3 (10) 11 (27) NS ial 13 (18) 4 (10) 9 (27) 4 (11) 9 (26) 3 (10) 10 (27) NS virF 13 (18) 4 (10) 9 (27) 4 (11) 9 (26) 3 (10) 10 (27) NS sen 07 (10) 4 (10) 3 (9) 4 (11) 3 (8) 3 (10) 4 (10) NS †Data published in reference 25; ‡The genes set1A, set1B, pic, sepA and sat were not detected; §The Sn 25 strain was not allocated in either ERIC-A or ERIC-B; however, its frequency of virulence genes is presented. NA, not applicable; NS, not significant. Significance calculated by Fisher's exact test. Table 2 According to Cheng et al. (37) , almost 100% of the S. sonnei strains isolated between 2007 and 2011 in Nanjing in China were typed as ST114 by the MLST method amplifying 15 housekeeping genes. Therefore, S. sonnei strains have been shown to have descended from a common precursor and belong to the same clonal complex. In contrast, Cao and colleagues (12) studied two S. sonnei strains in China using the same seven housekeeping genes as in the present study. ST152 was found in only one S. sonnei strain, demonstrating a difference between these strains by MLST.
These results suggest that S. sonnei strains isolated in São Paulo state, Brazil, have descended from a common precursor and belong to the large clonal complex 152. Thus far, there have been no published data on S. sonnei strains typed by MLST in Brazil.
Attempts were made to detect four beta-lactam resistance genes in the 11 of the 72 S. sonnei strains that had previously been shown to be resistant to beta-lactams by a disk diffusion method (25) . In the present study, the bla TEM-1 gene was detected in eight (72.7%) of the 11 S. sonnei strains that were resistant to beta-lactams. Although, CTX-M-1 group and CTX-M-9 group were not found, further CTX-M like CTX-M-2 group and CTX-M-8 group , among others, should be tested in those beta-lactam resistant strains for better characterization given that bla TEM-1 cannot explain the resistance to cefotaxime observed in three isolates (Table 2) .
Ranjbar and colleagues (17) studied 55 Shigella spp. strains isolated at the Children's Medical Center in Iran between 2008 and 2010. Four of these strains had positive b-lactam resistance phenotypes, three being S. sonnei strains and one an S. flexneri strain. The antimicrobial resistance genes bla TEM-1 and bla CTX-M-15 were found in three of the four Shigella spp. strains studied (17) .
b-lactams resistance has also been identified in Turkey, 43 S. sonnei strains isolated at the University Hospital of Ankara between 2004 and 2006 having been studied by a disk diffusion method and resistance to penicillins and third generation cephalosporins found in five strains that harbored the bla CTX-M-15, bla TEM-1 and bla SHV-12 genes (18).
Peirano and colleagues (38) studied 62 S. sonnei and S. flexneri strains isolated between 1999 and 2003 in Brazil. Of these, 49 strains were resistant to ampicillin, 30 to amoxicillin-clavulanic acid and one to cephalothin and six Shigella spp. strains were positive for the bla TEM gene (38) .
Although, the rates of b-lactam resistance found in the present study are not high, the presence of bla TEM may represent a risk for patients receiving antimicrobial treatment. Unfortunately, in Brazil and elsewhere, the high rates of resistance of Shigella spp. to several antimicrobials are alarming and a serious public health problem (39) .
Taken together, these results contribute to better characterization of the genotypic diversity and occurrence of penicillinase in S. sonnei strains isolated during 31 years from human diarrhoeic faeces in the economically important metropolitan region of Ribeirão Preto, located in São Paulo state in Brazil, enhancing information about this globally clinically important pathogen.
